INTRODUCTION
Leber's hereditary optic neuropathy (LHON, MIM#535000) is a maternally inherited blinding disease characterized by subacute degeneration of retinal ganglion cells (RGCs) leading to optic nerve atrophy and bilateral loss of central vision, prevalently in young males (1) . In 95% of cases worldwide, LHON is caused by three point mutations in mitochondrial DNA (mtDNA) respiratory chain complex I subunit genes: m.3460G . A in ND1 (3460/ND1), m.11778G . A in ND4 (11778/ND4), and m.14484T . C in ND6 (14484/ND6) (2) . Although the genetic basis are known since 1988 (3), the pathogenesis of LHON via complex I dysfunction remains poorly understood. Most LHON families carry the mtDNA pathogenic mutation in homoplasmic condition, but not all maternally related individuals develop visual loss, suggesting additional genetic or epigenetic determinants for the phenotypic New Genbank accession numbers: EU915472, EU915473, EU915474, EU915475, EU915476, EU915477, EU915478, EU915479, FJ178379, FJ178380 expression of LHON. To date, the most compelling evidence for a genetic modifying role comes from the mtDNA haplogroup hosting the primary LHON mutations. Independent studies revealed that the Eurasian haplogroup J is preferentially associated with the 11778/ND4 and 14484/ND6 LHON pathogenic mutations (4 -6) . Recently, this association was narrowed to haplogroup J1 for the 14484 mutation, and to subclades J1c and J2b for the 11778 mutation, suggesting that specific mutational motifs, which included non-synonymous variants in complex I and III subunit genes, could increase the penetrance and risk of LHON expression by structural alterations in the mitochondrial respiratory chain complexes or supercomplexes (7, 8) .
Due to the lack of animal models to study mitochondrial disorders caused by mtDNA gene defects, transmitochondrial cytoplasmic hybrids (cybrids) have become a major cellular model to analyze the pathophysiological consequences of LHON mutations. Cybrids are generated by fusing mtDNAdepleted human cells (rho zero cells) with enucleated cells (cytoplasts) from LHON patients. The resulting cybrid clones contain a uniform nuclear DNA (nDNA) and an exogenous mtDNA harboring the LHON mutation of interest, allowing direct comparisons of biochemical phenotypes due solely to different mtDNA species (9) . Bioenergetics studies demonstrated that the 3460/ND1 mutation, associated with the most severe clinical phenotype (10) , consistently led to a complex I activity decrease, while the 11778/ND4 and 14484/ND6 mutations presented normal or slightly reduced activities in both patients and cybrids (11 -14) . Complex I-dependent (pyruvate or glutamate-malate) respiration studies showed a variable reduction in the oxygen consumption rates depending on the mutation (11, 12, 14, 15) , which was accompanied by a severe impairment of complex I-driven ATP synthesis (15) . A prevalent role of increased reactive oxygen species (ROS) production in LHON pathogenesis was proposed (16, 17) , as well as a decrease in antioxidant defenses that was particularly evident for the 3460/ND1 and 11778/ND4 mutations (18) . Moreover, incubation of LHON cybrids in galactose medium impaired cell growth and caused massive apoptotic cell death, being the 3460/ND1 and 14484/ND6 mutations more susceptible to apoptosis than the 11778/ND4 mutation (12, 18, 19) .
In the present study, we have investigated control and LHON cybrids in which the mtDNA genome was completely sequenced. By using blue native gel electrophoresis (BN -PAGE) in combination with immunodetection, we aimed to elucidate the effect that common primary LHON mutations on different mtDNA haplogroups might exert on the assembly of complex I and other mitochondrial respiratory chain complexes. To address the dynamics of assembly, we partially depleted control and LHON cybrids of oxidative phosphorylation (OXPHOS) complexes by doxycycline treatment, which reversibly inhibits mitochondrial translation. Our results showed altered kinetics of complex I assembly and defective recovery of complex I activity in all LHON cybrids, and differential alterations in the assembly kinetics of respiratory chain complexes III and IV that can be attributed to specific genetic variations amongst the mtDNA backgrounds hosting the primary LHON mutations.
RESULTS

Cybrid clones and complete sequence analysis of mtDNA
In the present study we have used six homoplasmic mutant LHON cybrid cell lines (two for each common mutation), previously investigated and extensively characterized (11, 15, (17) (18) (19) and four control cybrid cell lines. In all cases the complete sequence of the cybrid-repopulating mtDNAs was determined. All non-synonymous polymorphic variants found in the mtDNA coding regions relative to the revised Cambridge reference sequence (20) are listed in Table 1 .
Steady-state levels of individual respiratory chain complexes in LHON cybrids
To analyze the respiratory chain content in the four control and six mutant cybrids harboring different mtDNA backgrounds (Table 1) , we performed BN -PAGE combined with complex I in-gel activity (IGA) assay and western blot analysis with antibodies raised against specific OXPHOS subunits (Fig. 1A) . Normal complex I activities were found in all cybrids, and no significant differences were observed in the steady-state levels of fully assembled complexes I, III and IV between controls and mutants. For complex II, a relative lower signal was found in the 11778/ND4 mutant clones (Fig. 1A, lowest panel) , which might reflect a decreased amount of mitochondria as suggested by the previously reported decreased citrate synthase activity of these clones compared with controls (15) . The rest of cybrid clones showed comparable complex II expression levels, which correlated with their normal citrate synthase activities (15) . In order to exclude expression differences among the clones due to variations in their mitochondrial mass, the signal obtained from the complex II antibody was used to normalize for the expression levels of mitochondrial respiratory chain complexes (Fig. 1B) . No significant differences were observed among control cybrids belonging to different haplogroups. A general tendency for higher complex I activity or expression levels of mitochondrial complexes I, III and IV, and for the supercomplex CIII 2 þ CIV (but not complex II) was observed in the haplogroup J1 mutant cells. This increase was not statistically significant for the clones characterized by the 14484/ ND6 mutation on haplogroup J1 (ND6/J1 and ND6/J1 0 ). However, the clone carrying the 11778/ND4 mutation on haplogroup J1 (ND4/J1) showed significantly higher steady-state levels (P , 0.05) of all respiratory chain complexes when compared with the controls or to its counterpart ND4/U5, which harbored the same mutation on a haplogroup U5a mtDNA. Clone ND4/U5 on the contrary did not show significant differences when compared with controls. Similarly, no significant differences were found in the expression levels of respiratory chain complexes I, III, and IV between controls and the clones harboring the 3460/ND1 mutation on different subclades (H Ã and H12) of haplogroup H. A 4-fold decrease (P , 0.05) in the expression levels of supercomplex CIII 2 þ CIV was observed in clone ND1/H12, but this result did not correlate with a decreased expression of individual complexes III or IV (Fig. 1B) .
The mtDNA copy number was calculated for each clone in order to exclude that the differences in the steady-state expression levels of respiratory chain complexes were influenced by variations in the mtDNA content among individual clones. No significant differences were found in the mtDNA/nDNA ratio between controls belonging to different haplogroups ( Table 2) . Although no differences were found between controls and clone ND1/H Ã , the rest of LHON mutant cybrids showed either increased or reduced mtDNA content. Clones ND1/H12, ND4/U5 and ND4/J1 exhibited the highest mtDNA/nDNA rates. These cells consistently showed the lowest relative levels of complex II or citrate synthase activities (15) , suggesting that the high mtDNA content might represent a compensatory mechanism for the reduced mitochondrial mass. On the contrary, the 14484/ ND6 mutant clones exhibited the lowest mtDNA/nDNA rates but showed normal levels of complex II or citrate synthase activities. These relative differences in the mtDNA content did not seem to influence the steady-state levels of respiratory chain complexes in any clone except ND4/J1, which showed a significant increase in the expression levels of OXPHOS complexes. These expression differences might be due to the presence in each individual clone of specific polymorphisms in the D-loop control region or within the nonprotein coding regions of mtDNA, such as the 12S and 16S rRNAs and the mitochondrial tRNAs. Polymorphic variations within these regions might affect the translation efficiency of mitochondrial proteins, which could account for the differences observed in the steady-state levels of the native OXPHOS complexes.
Differential accumulation of low molecular weight complex I subcomplexes in mutated LHON cybrids
In order to study whether the primary LHON mutations in the mitochondrial ND1, ND4 and ND6 genes could affect complex I assembly or stability, and to investigate the possible presence of complex I assembly intermediates or breakdown products, two-dimensional (2D) BN/SDS -PAGE electrophoresis was performed. Gels were blotted and incubated with an antibody against the complex I NDUFA9 subunit (Fig. 2) . Each mutant cell line was compared with a control belonging to the closest evolutionarily related mtDNA haplogroup. Cybrids harboring the 3460/ND1 mutation on haplogroup H12 mtDNA (ND1/ H12) showed a smeary pattern of accumulated NDUFA9 subunit-containing subcomplexes, suggestive of a complex I assembly or stability defect, while the haplogroup H Ã clone (ND1/H Ã ) showed normal amounts of fully assembled complex I and a regular pattern of low molecular weight subcomplexes. The same observation was made for the 11778/ ND4 mutation clones: the haplogroup U5a cybrid (ND4/ U5a), showed an accumulation of NDUFA9-containing subcomplexes compared with its K1a control (K is a subclade of haplogroup U), while the haplogroup J1 clone (ND4/J1) showed normal amounts of fully assembled complex I and no accumulation of low molecular weight subcomplexes relative to the J1 control. A normal complex I assembly pattern was also observed for the 14484/ND6 LHON mutation clones characterized by a J1 mtDNA. Our results suggest that the assembly and/or stability of mitochondrial respiratory chain complex I would be more severely affected by the primary LHON mutations when associated with certain mtDNA backgrounds, such as H12 or U5a, while the same mutation on a different haplogroup would cause a less severe disturbance on complex I. 
rCRS refers to the revised Cambridge reference sequence (20) . In addition, all mtDNAs differed from rCRS, which belongs to haplogroup H2a, for A8860G (ATP6) and A15326G (CYTB). 
Assembly kinetics of respiratory chain complexes in control cybrids
In order to analyze possible differences in the assembly kinetics of respiratory chain complexes in control cybrids with different mtDNA backgrounds, we depleted the cells of complex I and other OXPHOS complexes containing mitochondrial-encoded subunits, by reversibly blocking mitochondrial protein translation with doxycycline. This strategy was successfully used to follow the assembly kinetics of respiratory chain complex I in the parental 143B TK 2 206 cell line (21) , and helped the interpretation of assembly defects in complex I-deficient patients with mutations in structural genes (22) . Because further treatment with doxycycline affected cell viability in our culture conditions, cells were cultured for 6 days in the presence of the inhibitor. After the release of drug inhibition, cells grown in exponential conditions started translating mitochondrial proteins, and the assembly of newly synthesized respiratory chain complexes was investigated. To follow the reappearance of mitochondrial complexes after the reversible block of assembly, samples were collected at different time points (0, 6, 15, 24, 48, 72 and 96 h) after doxycycline removal, run on BN -PAGE and assayed for complex I IGA, or alternatively, blotted on nitrocellulose and incubated with antibodies raised against specific OXPHOS subunits. Results showed no significant differences Figure 1 . (A) BN-PAGE analysis of mitochondrial respiratory chain complexes in control and LHON cybrids. Mitochondrial particles were isolated as described in Materials and Methods and 40 mg protein was analyzed on a 5-15% BN-PAGE for the separation of multisubunit complexes. First panel, complex I IGA assay. A second gel was run in duplicate and western blot analysis was performed using antibodies against complex I NDUFA9 subunit (second panel), complex III core2 protein (third panel), complex IV COX5A subunit (fourth panel), or complex II-70 kDa subunit (fifth panel). CI, fully assembled complex I; CIII 2 , complex III dimer; CIV, complex IV; CIII 2 þ CIV indicates the presence of a supercomplex containing complexes III and IV, frequently observed on BN-PAGE. (B) To calculate the steady-state levels of complex I activity and fully assembled complexes I, III, IV and supercomplex CIII 2 þ CIV, five independent blue native blots were quantified, and the average numerical values normalized to those obtained from complex II. Significant differences (t-student, P , 0.05) are highlighted with an asterisk. in the recovery kinetics of respiratory chain complexes among control cybrids belonging to different haplogroups (data not shown). For this reason, we quantified the signals obtained from the IGA assays and western blots in the four independent control cell lines, normalized them for the expression levels of mitochondrial complex II, expressed them as a percentage of the untreated cells (which correspond to the steady-state expression levels), and calculated the average numerical values for the complex I activity restoration curve and the assembly rates of respiratory chain complexes I, III, IV and supercomplex CIII 2 þ CIV (Fig. 3) . Consistent with previous observations, after 6 days of doxycycline treatment (Fig. 3, T0 point) , we observed 70-90% reduction of complex I activity or fully assembled respiratory chain complexes in control cybrids compared with untreated cells (Fig. 3 , SS point) (21) . As shown in Figure 3A , controls mainly acquired fully assembled complex I between 24 and 48 h after doxycycline removal, and gained complex I activity 48 h after removing the drug. Restoration to normal complex I steady-state levels occurred at time 72-96 h, and normal complex I activity levels were reached at 96 h. The observed time course for complex I assembly and activity was comparable with previous findings (21, 23, 24) . Fully assembled complex III was restored in a similar time course as complex I (Fig. 3B) . Fully assembled complex IV, however, was acquired 24 h later than complexes I and III (Fig. 3C) . Similarly, the formation of the mitochondrial supercomplex CIII 2 þ CIV paralleled the complex IV assembly kinetics, suggesting that a minimum pool of individual complexes III and IV is necessary in order to form supercomplex CIII 2 þ CIV (Fig. 3C ). Restoration to normal complex IV and supercomplex CIII 2 þ CIV steady-state levels occurred 96 h after removing the drug. These results match other studies in which no bioenergetic differences were observed in control cybrid cell lines carrying European mtDNA haplogroups (25, 26) .
Delayed assembly kinetics of respiratory chain complex I in cybrids harboring LHON primary mutations
To check whether the assembly kinetics of respiratory chain complex I was affected by the LHON mutations, we used the same doxycycline inhibition strategy in our mutant cybrids (Supplementary Material, Figure S1 ). The complex I signals from blue native experiments were quantified, and normalized as previously mentioned. Cell lines were grouped according to the LHON mutation they harbored and compared with the 'average' control numerical values. After 6 days of doxycycline treatment (Fig. 4, T0 points) , we observed a practically total reduction of complex I activity and 85-100% reduction of fully assembled respiratory chain complex I in the mutant cybrids compared with the untreated cells (Fig. 4, SS points) . These values contrast with those obtained for the controls during the inhibition process, suggesting that LHON mutations probably affect complex I stability.
Differences were found in the assembly kinetics of respiratory chain complex I between controls and LHON mutants. Clones characterized by the 3460/ND1 mutation on haplogroups H12 and H Ã (ND1/H12 and ND1/H Ã , respectively) showed a similar 24 h delay in the recovery of complex I activity compared with controls (Fig. 4A, left) . Controls gained 50% of total complex I activity 48 h after doxycycline removal, and the 3460/ND1 clones between 72 and 96 h. At time 96 h, controls showed 100% of complex I activity, while clones ND1/H12 and ND1/H Ã recovered 75-85% of total complex I activity. Similar results were obtained for the recovery of fully assembled complex I (Fig. 4A, right) . Controls gained 50% of total holocomplex I at time 24 h, and the 3460/ND1 clones between 48 and 72 h. From time 48 h on complex I assembly kinetics seemed to speed up in the mutants, since at time 96 h clone ND1/H12 recovered 90% of total holocomplex I, and the ND1/H Ã clone presented more fully assembled complex I than the controls. This effect might represent a compensatory mechanism as a response to the inhibition of mitochondrial protein synthesis. This might involve a general increase in mitochondrial mass because complex II, which only contains nuclear encoded subunits, also shows such an increase at 96 h in the ND1/H Ã cells (Supplementary Material, Figure S1 ). Differences in the complex I assembly rates were detected between clones characterized by the 11778/ND4 mutation on J1 and U5a haplogroups (Fig. 4B) . Both the ND4/J1 and ND4/U5 cell lines showed a minimum of 48 h delay in the recovery of complex I activity and fully assembled complex I compared with controls. Clone ND4/J1 gained 50% of total complex I activity and fully assembled complex I between 72 and 96 h after the drug removal, but clone ND4/ U5a could not even reach these levels at 96 h. No differences were found in the complex I assembly kinetics of clones harboring the 14484/ND6 mutation on a J1 mtDNA (data not shown). We next compared the 11778/ ND4 and 14484/ND6 clones characterized by the same haplogroup J1 background (ND4/J1 and ND6/J1, respectively). Curiously, both clones showed similar delayed assembly kinetics of respiratory chain complex I (Fig. 4C ). Our results demonstrate hampered kinetics of complex I assembly and activity recovery in all LHON cybrids.
MtDNA background influences the assembly kinetics of respiratory chain complexes III and IV in LHON cybrids
It has been suggested that the mitochondrial background, in particular subclades of haplogroups J or H that harbour specific polymorphisms in the CYTB gene, could interact synergistically with the primary LHON mutations, either altering the physical interaction between complexes I and III, or stabilizing the supercomplex CI þ CIII 2 (7) . Some alterations could add a negative effect on complex I function, since it has been reported that fully assembled complex III and lately, complex IV, are essential for the stability of mitochondrial complex I (27 -29) . For these reasons, we decided to test the assembly kinetics of respiratory chain complexes III and IV in our LHON cybrids (Fig. 5 ). Main differences were observed between the 3460/ND1 mutant clones (Fig. 5A) . Although no real differences were found in the recovery rates between clone ND1/H Ã and controls, the ND1/H12 cell line showed a minimum of 72 h delay in the recovery of fully assembled complex III (Fig. 5A, top) . Controls gained 50% of fully assembled complex III at time 24 h, whereas clone ND1/ H12 reached these levels 96 h after doxycycline removal. Similarly, controls gained 50% of total holocomplex IV between 24 and 48 h after doxycycline removal, whereas clone ND1/H12 could not reach these levels before 96 h (Fig. 5A, middle) . In accordance with these results, clone ND1/H12 barely showed any expression of the mitochondrial supercomplex CIII 2 þ CIV (Fig. 5A, bottom) .
Conversely both 11778/ND4 clones only presented a slight delay in the complex III assembly kinetics relative to controls (Fig. 5B, top) . At 96 h after doxycycline removal, clone ND4/ J1 had recovered 97% of total holocomplex III, and clone ND4/U5 85%. The main differences between these clones were found in the assembly kinetics of respiratory chain complex IV (Fig. 5B, middle) . Mutant clone ND4/J1 presented no differences in the recovery kinetics of holocomplex IV, or supercomplex CIII 2 þ CIV, with controls. However, the ND4/ U5 cell line showed 48 h delay in the recovery of fully assembled complex IV compared with ND4/J1 and controls. Controls gained 50% of fully assembled complex IV between 48 and 72 h after doxycycline removal, whereas clone ND4/U5 almost reached these levels at 96 h. Similarly, the formation of the mitochondrial supercomplex CIII 2 þ CIV in the ND4/U5 clone paralleled the complex IV assembly time course (Fig. 5B, bottom) , with 38% of the total amount of the supercomplex at time 96 h.
We next compared the ND4/J1 and ND6/J1 mutants (Fig. 5C ). No differences were found in the assembly kinetics of any respiratory chain complex.
DISCUSSION
The cybrids used in this study have been extensively analyzed as a model to investigate LHON pathophysiology, providing substantial evidence of complex I-dependent defects in respiration, ATP synthesis, and increased ROS production (11,15,17 -19) . In the present investigation we have further analyzed the effect of the most common LHON mutations on the assembly or stability of native mitochondrial respiratory chain complexes, and checked whether different mitochondrial genetic backgrounds could affect this process.
Our results are two-fold. First, we show that steady-state levels of fully assembled complex I and other respiratory chain complexes are not decreased in LHON mutant cybrids, but complex I assembly kinetics is delayed and complex I stability is reduced by the LHON mutations. This is illustrated by differences in the complex I assembly profile in 2D-BN/ SDS gels, increased complex I turnover in the LHON mutant cells after a 6 days incubation with doxycycline, and differences in the recovery kinetics of respiratory chain complex I among LHON clones. Secondly, this defect in complex I assembly/stability is further modified by the mtDNA haplogroup, and may be mediated by the assembly rates and stability of respiratory chain complexes III and IV. Thus, the present results provide the first experimental evidence that certain mtDNA haplogroups, in combination with the LHON pathogenic mutations, may contribute to the severity of this disease by shifting the assembly kinetics of respiratory chain complexes.
Our study also describes a useful mechanism to unveil assembly defects in patients with apparently normal respiratory chain enzyme activities. At first glance, the normal steady-state levels of fully assembled complex I in LHON mutant cybrids looked as if there is no effect of LHON primary mutations on the formation of this complex. However, a differential accumulation of complex I subassemblies in several mutants was suggestive of a complex I assembly or stability defect. This defect was more evident in cybrids harboring the 3460/ND1 and 11778/ND4 mutations on H12 and U5a haplogroups, while clones harboring the same mutations on a different mtDNA background showed normal amounts of fully assembled complex I, and a normal pattern of low molecular weight subcomplexes. These results suggest that, in LHON cybrids, the severity of the complex I assembly and/or stability defect might depend on the association of the primary LHON mutations with specific mtDNA backgrounds.
The analysis of respiratory chain complexes after a transient depletion of OXPHOS complexes with doxycycline further supported a decreased assembly or stability of complex I in the LHON mutants. Remarkably, after 6 days in the presence of the inhibitor all mutant cybrids presented a stronger decrease of complex I compared with the controls, indicating that complex I is more unstable in the LHON mutants. Moreover, LHON cybrids characterized by different primary mutations displayed clear differences in complex I recovery kinetics. The 3460/ND1 mutation exerted the mildest defect, whereas the 11778/ND4 and 14484/ND6 mutations hindered complex I assembly more severely. In addition to differences in complex I stability and assembly kinetics, clear differences were observed for the assembly and stability of complexes III and IV among LHON mutants characterized by different mtDNA backgrounds. In particular, the clone harboring the 11778/ND4 mutation on a haplogroup U5a background showed, besides a strong complex I assembly defect, a severe impairment of complex IV and supercomplex CIII 2 þ CIV assembly rates. This effect can only be explained by the presence of two mtDNA polymorphic variants affecting the COIII gene, G9477A and A9667G, ( Table 1) which could add a deleterious effect to that of the 11778/ND4 mutation. Unambiguously, the most affected clone was characterized by the 3460/ND1 mutation on haplogroup H12 (ND1/H12), which showed a severe delay in the recovery rate of complexes III and IV, and consequently almost no expression of mitochondrial supercomplex CIII 2 þ CIV. In contrast, the 3460/ND1 clone with a haplogroup H Ã mtDNA (ND1/H Ã ) showed normal assembly rates for complexes III and IV. These differences can be attributed to the presence in clone ND1/H12 of one specific non-synonymous variant (A14552G) affecting the complex I ND6 gene (Table 1) . This genetic variant, together with the 3460/ND1 LHON mutation, might decrease the stability of mitochondrial respiratory chain complexes and/or supercomplexes, but additional experiments are required to fully confirm this hypothesis. Finally, no differences in the recovery rates of respiratory chain complexes III and IV were detected between controls and clones harboring LHON mutations on haplogroup J1, despite a mild delay in the formation of complex III that soon reached normal levels. This is a remarkable and unexpected result, especially when considering that one 14484/ ND6 clone carries an additional non-synonymous mutation in ND6 (14279/ND6), which has been proposed as a primary LHON mutation in a family of Russian ancestry (30) . In that case, the 14279/ND6 mutation was found on a U4 mtDNA haplogroup. These results suggest, in contrast to what has been previously proposed (7, 8) , that the combined accumulation of ND and CYTB non-synonymous variants on specific haplogroup J clades may exert a protective effect on the stability of respiratory chain complexes and supercomplexes. This may support the association of haplogroup J with successful ageing (31), or reduced risk of Parkinson disease (32) . However, this result does not explain the increased LHON penetrance of the 11778/ND4 and 14484/ND6 mutations on certain haplogroup J backgrounds and further studies are needed to properly elucidate this issue.
Based on the present results on defective complex I assembly kinetics, the phenotypic severity of LHON mutations would increase from 3460/ND1,14484/ND6,11778/ND4. Our data agree with those obtained by others (15) , who observed a direct correlation between defects of complex I-driven ATP synthesis and the clinical severity of LHON mutations. However, considering the global recovery kinetics of all respiratory chain complexes, the severity of the LHON mutations would increase from 14484/ND6,11778/ ND4,3460/ND1. These results match the data obtained from the polarographic assessment of complex I activity defects, as well as the clinical criteria for ranking the pathogenic potential of each LHON mutation (10) . In our cellular model, the 14484/ND6 cybrids presented the best global respiratory chain assembly recovery. Accordingly, the highest frequency of spontaneous visual recovery is found in LHON patients carrying the 14484/ND6 mutation, commonly associated with haplogroup J1. Thus, our results suggest that the differences found in the assembly kinetics of respiratory chain complexes III and IV amongst the mutant clones can be a contributing factor to the differences of disease expression.
This study may also provide a further scenario for understanding the pathogenesis of LHON. Under regular physiological conditions, it is likely that the synthesis of respiratory chain complexes reaches a balance between newly synthesized and degraded respiratory chain complexes to cope with the tissue energy demand. A possibility is that under certain stress conditions in which the respiratory demand increases, a rapid energy supply is achieved through an increased rate of synthesis and enzyme activation of respiratory chain complexes. On certain mtDNA genetic backgrounds, the primary LHON mutations may not only alter the assembly rate of respiratory chain complex I, but also affect the formation of complexes III and IV. It is very likely that this defective assembly adds a negative effect on complex I stability (27 -29) , worsening the complex I activity defect. This in turn would decrease complex I-driven ATP synthesis (15) , and increase ROS production and apoptosis, as demonstrated in cybrids (16 -19) . Conversely, when normal conditions are recovered, restoration of respiratory chain complexes would lead to normal respiratory chain activities and ATP synthesis. Our data plead in favor of a spontaneous visual recovery in those LHON patients in whom the RGCs degeneration prompted by a lack of energy has not yet reached a critical threshold (10) . In agreement, allotopic expression of nuclear-re-coded ND4 using a recombinant adenovirus-based vector led to a partial rescue of the mitochondrial OXPHOS deficiency caused by the G11778A mutation in the cybrid model (33) .
Although mtDNA haplogroups have been previously suggested to contribute in disease predisposition, possibly by modulating ROS production as recently shown in mouse cells (34) , our current study demonstrates that biochemical differences in OXPHOS assembly kinetics could be an additional contributing factor. Still key features of LHON such as the incomplete penetrance of LHON mutations, male prevalence, tissue specificity to RGCs, and the mitochondrial bioenergetics and dynamics in neurons cannot be fully explained by the mtDNA genetic background. Thus, the putative role of nuclear modifying genes or epigenetic/environmental factors in the pathogenesis of LHON requires further investigation. In this regard, the influence that different nuclear genetic backgrounds may exert on further modulating the assembly kinetics of the respiratory chain complexes in LHON cybrids with the same mtDNA background will aid future studies. The upcoming results on the assembly kinetics of respiratory chain complexes will provide essential information about the nature of mitochondrial respiratory chain deficiencies, and will enhance our understanding of OXPHOS disease mechanisms.
MATERIALS AND METHODS
Cell lines and culture conditions
Cybrid cell lines were constructed using the osteosarcoma 143B TK 2 206 cell line as an acceptor rho zero cell line, and either enucleated fibroblasts from two healthy controls (CON/K and CON/H) and six LHON probands carrying the 3460/ND1, 11778/ND4 and 14484/ND6 LHON primary mutations, or platelets from two healthy controls (CON/T2 and CON/J1) as mitochondria donors (9) . Cells were cultured in high-glucose DMEM (Life Technologies) supplemented with 10% fetal calf serum, 2 mM L-glutamine, 1 mM sodium pyruvate and antibiotics. To block mitochondrial translation, 15 mg/ml doxycycline were added to the culture medium. Cells were grown in exponential conditions and harvested at the indicated time points.
MtDNA sequencing and quantification of mtDNA copy number
The entire mtDNA sequences of LHON and control cybrid cell lines were determined and analyzed as previously reported (7, 35, 36) . Relative quantification of mtDNA versus nDNA was performed by real-time PCR in a HT 7500 Real Time PCR System (Applied Biosystems, Foster City, CA, USA) as previously described with minor modifications (37) . Briefly, total DNA was extracted from cultured cells with the QIAamp DNA Mini Kit (Qiagen GmbH, Hilden, Germany). For each sample, mtDNA and nDNA were quantified in the same reaction tube. MtDNA detection was performed by one set of primers (forward primer: 5 0 -CCA CGG GAA ACA GCA GTG ATT-3 0 , reverse primer: 5 0 -CTA TTG ACT TGG GTT AAT CGT GTG A-3 0 ) and FAM-labeled TaqMan probe (5 0 -FAM-TGC CAG CCA CCG CG-MGB-3 0 ) targeted to 12S ribosomal gene of mtDNA. For nDNA detection, a kit including a TaqMan VIC-labeled probe for the RNAse P nuclear gene was used (Human RNAse P PDAR; Applied Biosystems). Thermal cycler conditions were as follows: 508C for 2 min, 958C for 10 min, and 40 cycles of 958C for 15 s and 608C for 1 min. All samples were tested in duplicate at two levels of DNA concentration. The relative quantification of mtDNA versus nDNA was calculated by using a calibration curve consisting of serial dilutions of a stock solution made up of plasmids constructs with mtDNA 12S and RNAse fragments inserts. The mtDNA copy number was determined by division of the total DNA concentration by the weight of each plasmid molecule.
Mitochondria preparation
Mitochondrial membranes were isolated from cell cultures, as previously described with minor modifications (38) . Briefly, cybrid clones were cultured until cells were 70% confluent. Cells were harvested with trypsin, washed twice with phosphate-buffered saline (PBS), and re-suspended in 100 ml PBS plus 100 ml of digitonin solution (4 mg/ml). The cell solution was kept on ice for 10 min to dissolve the membranes. One milliliter of cold PBS was added to the cells, which were spun for 10 min at 10 000 r.p.m. at 48C. The supernatant was removed, the pellet washed one more time in 1 ml cold PBS, and the protein concentration was determined using the MicroBCA protein assay kit (Pierce). For the preparation of native mitochondrial complexes, pellets were solubilized in 100 ml buffer containing 1.5 M aminocaproic acid, 50 mM Bis -Tris, pH 7.0. Next, 2% (w/v) n-dodecyl b-D-maltoside was added and the cells were incubated on ice for 10 min. After centrifugation for 30 min at 13 000 r.p.m. at 48C, the supernatant was combined with 10 ml of sample buffer (750 mM aminocaproic acid, 50 mM Bis -Tris, 0.5 mM EDTA, 5% Serva Blue G-250) prior to loading.
Blue native electrophoresis and IGA assays
Blue native 5 -15% gradient gels were loaded with 40 mg of mitochondrial protein using 50 mM Bis -Tris as an anode buffer and 15 mM Bis -Tris/50 mM tricine containing 0.02% Serva Blue G-250 as a cathode buffer. After electrophoresis, proteins were transferred to a PROTAN w nitrocellulose membrane (Schleicher & Schuell) at 25 V, overnight, and probed with specific antibodies. Duplicate gels were further processed for second dimension 10% SDS -PAGE following previously described methods. (38) .
For complex I IGA assay, gels were incubated for 2 h at room temperature with the following solutions: 2 mM TrisHCl, pH 7.4, 0.1 mg/ml NADH, and 2.5 mg/ml NTB (nitrotetrazolium blue). Gels were washed in distilled water, scanned and photographed immediately.
Antibodies
Western blotting was performed using primary antibodies raised against the following subunits of the human mitochondrial OXPHOS complexes: NDUFA9 (39 kDa), UQCRC2, COX5A and SDHA, (Molecular Probes). Peroxidaseconjugated anti-mouse IgG was used as a secondary antibody (Molecular Probes). The signal was detected with ECL w plus (Amersham Biosciences) and the quantification of the blots was performed by using the ImagePro-Plus 4.1 image analysis software (Media Cybernetics, Silver Spring, MD, USA).
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